Ptychography is a promising phase retrieval technique for visible light, X-ray and electron beams. Conventional ptychography reconstructs the amplitude and phase of an object light from a set of the diffraction intensity patterns obtained by the X-Y moving of the probe light. The X-Y moving of the probe light requires two control parameters and accuracy of the locations. We propose ptychography by changing the area of the probe light using only one control parameter, instead of the X-Y moving of the probe light. The proposed method has faster convergence speed. In addition, we propose scaled ptychography using scaled diffraction calculation in order to magnify retrieved object lights clearly.
Ptychography by changing the area of probe light and scaled ptychography 
Introduction
Various coherent diffractive imaging (CDI) methods have been proposed. Ptychography is a CDI method that was invented by Hoppe [1] . Ptychography is a promising phase retrieval technique for visible light [2] , X-ray [3] and electron beams [4] . Conventional ptychography reconstructs the amplitude and phase of an object light from a set of diffraction intensity patterns at different lateral positions using the X-Y moving of the probe light.
As reconstruction algorithm, the ptychographical iterative engine (PIE) [5] has been widely used. The probe light in PIE must be accurately determined in advance. Furthermore, the extended PIE (ePIE) algorithm, which can guess the complex amplitudes of an object light and probe simultaneously [6] . Instead of the X-Y moving of the probe light using two control parameters, a rotating probe light with a diffuser has been proposed recently [7] . By reducing the movement to only one control parameter (rotating angle) unlike the X-Y moving, the control error of the X-Y moving that degrades the reconstruction quality can be suppressed [7] .
In this paper, we propose ptychography by changing the area of the probe light instead of the X-Y moving of the probe light. The proposed method also has only one control parameter (the area of probe light). In addition, scaled ptychography using scaled diffraction calculation, e.g. Refs. [8, 9, 10, 11, 12, 13, 14, 15, 16] , is presented in order to magnify a retrieved object clearly. We show the effectiveness through computer simulation. We assume the optical system as shown in Fig.1 . A planar or spherical light can be used as the incident light with a wavelength of λ. Although a diffuser in the rotating probe light [7] is necessary, a diffuser in the proposed method is optional. The incident light illuminates the aperture directly or via through the diffuser. In order to change the area of the probe light, the aperture can control the radius r of the hole. The probe light illuminates an object and the exit light travels to the detector. We can obtain a set of diffraction intensity patterns by changing the area of the probe light.
Ptychography by changing the area of probe light
The procedure of the ptychographic reconstruction by changing the area of the probe light is almost the same as the original PIE [5] except for changing the area of the probe light. The procedure is as follows:
(1) We randomly select one radius r of the aperture from the predefined 16 radii, and record the diffraction intensity pattern I(x 3 ) using a detector such as a CCD camera. x 3 is the position vector on the detector plane. We define the 16 radii as r ∈ [128µm, 144µm · · · 3, 840µm] at the intervals of 256µm.
(2) The exit light ψ j (x 2 ), where the subscript j denotes j-th iteration, is expressed by
where O j (x 2 ) is the guessed object light and P (x 2 ) is the probe light on the object plane. x 2 is the position vectors on the object plane. The initial
where the operator Prop z [·] denotes the light propagation calculation with the propagation distance z, such as the angular spectrum method (ASM), Fresnel diffraction and Fraunhofer diffraction [18] . θ(x 3 ) is the phase distribution of the propagated exit light φ(
where 
where * denotes the complex conjugate and | · | 2 max means the maximum value of | · | 2 . We repeat the above steps (1) to (4) until a certain number of iterations is reached.
Results
We verify the procedure through simulation. In Fig.2 , we use "Lena" and "Mandrill" as the amplitude and phase of the original light. The phase is linearly mapped at 0 and 255 pixel values of "Mandrill" to −π and +π radians, respectively. Figures 2 and 3 show the retrieved amplitude and phase distributions by the proposed method with and without the diffuser, respectively. The number of the iterations is 10, 100 and 1,000, respectively. In the simulation, we generate the probe light on the object plane as follows:
where Rnd(x 0 ) denotes the generation of a random phase on the diffuser, and Circ(|x 1 |/r j ) denotes the aperture being capable of changing the area and Circ(|x 1 |/r j ) = 1 when |x 1 |/r ≤ 1, otherwise 0. We estimate the error of Fig.2 between the amplitudes and phases of the original object O(x) and the retrieved object O j (x) by the mean square error (MSE) that is calculated by MSE =
2 where N and M are the horizontal and vertical pixel numbers, and f (x) and f j (x) are the amplitudes or phases of the original and retrieved objects, respectively. The MSE indicates a better result when the value is low. In the simulation, M and N are 512 pixels, and we calculate the MSE in the region of interest whose size is 400 × 400 pixels. The calculation conditions are λ = 633 nm, z 1 = 20 mm, z 2 = 20 mm, z 3 = 10 mm, and the sampling pitch on the object and detector is 8µm. We use ASM as the light propagation. For comparison, we show the MSE when using the original PIE [5] that randomly moves the probe light in the lateral direction, and the calculation conditions are the same as those shown in Fig.2 . Overall, the proposed method quickly converges in both the amplitude and phase, as compared with the original PIE. In these calculation conditions, the proposed method converges in iterations of 800 and over.
Next, we discuss the subtopic, scaled ptychography. Scaled ptychography observes a magnified retrieved object clearly. If we want to observe a magnified retrieved object, in general, we use a digital magnification technique, such as linear and bicubic interpolations. Instead of such digital magnification technique, we use scaled diffraction. Scaled diffraction calculations have been proposed by many authors [8, 9, 10, 11, 12, 13, 14, 15, 16] . Here, we use scaled ASM [15, 17] that can calculate ASM in different sampling pitches on the source and destination planes. In order to verify the scaled ptychography, we prepare a reduced original object O(x 2 ). We assume that the sampling pitch p o on the reduced original object is 2µm and the sampling pitch p d on the detector is 8 µm. Figure 5 (a) shows the retrieved object O j (x 2 ) without magnification by the proposed method with the diffuser. The result shows that the retrieved object is reduced because p o is one-quarter that of p d . Figures 5(b) and (c) show the magnified objects in the red square of Fig. 5(a) by the bicubic and Lanczos-3 interpolations with 16x magnification. scaled ASM is obtained by,
where z ′ is a short distance, and the scaled ASM operator is Prop
[·] where the parameters p 1 and p 2 are the sampling rates on the source and destination planes, respectively. The first propagation is normal ASM with the sampling pitch p d .
The blue dashed square in Fig Fig.6 corresponds to group 5 of the test target. The scaled ASM is well resolved in the position from 260 to 340 because the pixel variation of the scaled ASM is larger than that of the others. We use our computational wave optics library, CWO++ [19] in all the calculations above.
Conclusion
We conclude this work. We propose ptychography by changing the area of the probe light. The convergence speed of the proposed method is faster than the original PIE. In addition, use of the diffuser in the proposed method is optional unlike the rotating diffuser method [7] . We also propose scaled ptychography using scaled diffraction calculations. The scaled method is well resolved, compared with digital magnification methods. We aim to apply the proposed method in a practical optical system. 
